Abstract-Layered asymmetrically clipped optical orthogonal frequency division multiplexing (LACO-OFDM) is recently proposed for intensity-modulated directed-detected optical wireless communications, which achieves higher spectral efficiency compared with the conventional ACO-OFDM, since different layers of ACO-OFDM signals are combined to utilize more subcarriers. In this letter, an improved receiver is proposed for LACO-OFDM, which distinguishes different layers of ACO-OFDM signals in the time domain. After that, the structure of ACO-OFDM signals in each layer is exploited to further reduce the noise and inter-layer interference, resulting in the improved performance. Simulation results show that the proposed receiver for LACO-OFDM achieves significant gain over its conventional counterpart.
be modified. Hermitian symmetry is commonly applied to the OFDM subcarriers to obtain real time-domain signals [5] [6] [7] . Furthermore, several modified optical OFDM schemes have been proposed to make the signals non-negative, namely, DC-biased optical OFDM (DCO-OFDM), asymmetrically clipped optical OFDM (ACO-OFDM), pulse-amplitudemodulated discrete multitone (PAM-DMT), and unipolar OFDM (U-OFDM) [8] [9] [10] [11] . In DCO-OFDM, a DC bias is added to the bipolar signals, resulting in the increased transmitted power. ACO-OFDM is proposed in [8] , which only modulates the odd subcarriers and generates antisymmetric signals in the time domain. The time-domain signals can be directly clipped at zero and the clipping distortion only falls on the even subcarriers. In PAM-DMT, only the imaginary part of each subcarrier is modulated and the clipping distortion falls on the real part of the same subcarrier [9] . U-OFDM or Flip OFDM is proposed in [10] and [11] , where the positive and inverted negative signals are transmitted in two different time slots. Although ACO-OFDM, PAM-DMT and U-OFDM do not need DC bias and achieve high power efficiency, the spectral efficiency is sacrificed by half. Layered ACO-OFDM (LACO-OFDM) is recently proposed in [12] , which combines different layers of ACO-OFDM signals occupying different subcarriers for simultaneous transmission. Almost all the subcarriers can be used for modulation in LACO-OFDM, which improves the spectral efficiency significantly compared with conventional ACO-OFDM.
In conventional receiver for LACO-OFDM, the symbols on the lowest layer are firstly detected by fast Fourier transform (FFT). Afterwards, the symbols on higher layers are recovered by subtracting the estimated clipping distortion of the lower layers [12] . However, this frequencydomain detection method cannot fully exploit the structure of LACO-OFDM signals, which limits its performance. In this letter, an improved receiver is proposed for LACO-OFDM, which distinguishes different layers of ACO-OFDM signals in the time domain. After that, the structure of ACO-OFDM signals in each layer is exploited to further reduce the noise and inter-layer interference, resulting in improved performance. Simulation results illustrate that the proposed receiver for LACO-OFDM outperforms its conventional counterpart.
II. LAYERED ACO-OFDM FOR OWC SYSTEMS
In LACO-OFDM with N subcarriers and L layers, the transmitted bit stream is mapped onto quadrature amplitude modulation (QAM) symbols X k , k = 0, 1, · · · , N − 1, which are divided into L groups for layered modulation. In Layer l (l = 1, 2, · · · , L) ACO-OFDM, we consider an OFDM symbol in which only the 2 l−1 k-th subcarriers are modulated, denoted as X 
n+N/2 l , which can be directly clipped at zero without information loss [12] . The clipped Layer l ACO-OFDM signals are denoted as
ACO,n denotes the negative clipping distortion of Layer l ACO-OFDM.
In LACO-OFDM scheme, different layers of ACO-OFDM are combined in the time domain for simultaneous transmission. The time-domain LACO-OFDM signals with L layers are written as
III. RECEIVER DESIGN At the receiver, the optical signal is converted to the electric signal by avalanche photodiode (APD). After analog to digital (A/D) conversion and CP removal, the digital signal is used to recover the transmitted information. Since the shot noise and thermal noise is usually modeled as additive white Gaussian noise (AWGN) [13] , [14] , and the received signal is given by r n = x L-ACO,n + w n , n = 0, 1, . . . , N − 1, where w n denotes the samples of AWGN with zero mean and variance of σ 2 . It can be rewritten in the frequency-domain form
A. Conventional Receiver
In [12] , a frequency-domain receiver is proposed for LACO-OFDM. Since both the useful symbols and clipping distortion in layer 2 ∼ L ACO-OFDM are on the even subcarriers, the symbols on Layer 1 ACO-OFDM can be directly detected after FFT of r n as [12] 
where S denotes the constellation set for modulation. For Layer l (l > 1) ACO-OFDM, the negative clipping distortion from Layer 1 ∼ l −1 ACO-OFDM will interfere the useful symbols, which should be removed before detection. (2) , the transmitted symbols in Layer l ACO-OFDM can be detected bŷ
B. Proposed Receiver
Although the above conventional receiver is simple and straightforward, it does not fully exploit the structure of LACO-OFDM signals, which limits its performance. In the following, we propose a novel receiver to further improve the performance of LACO-OFDM, which distinguishes different layers of ACO-OFDM signals in the time domain and pairwise clipping is utilized in each layer.
In the proposed receiver, the signals in different layers of ACO-OFDM signals are firstly separated in the time domain. The symbols on Layer 1 ACO-OFDM is also detected after FFT as in (2) . The time-domain signals in Layer 1 ACO-OFDM are reconstructed bŷ r (1) 
whereX
Afterwards, the reconstructed signalsr 
for n = 0, 1, . . . , N − 1. The symbols in Layer l ACO-OFDM can be directly detected after the FFT ofr We denote the received signals with only Layer l ACO-OFDM asr
n , where e
n is the inter-layer interference and it follows a Gaussian distribution according to the central limit theorem, and we haver
In Layer l ACO-OFDM, the transmitted time-domain signals are periodic [12] . Besides that, asymmetric clipping is imposed on the time-domain signals so that either x
is zero when they are transmitted, and the remaining signal is non-negative. Therefore, we could estimate which one is zero according tor (l) n and then set it to zero, and half of the noise and inter-layer interference are eliminated. Pairwise maximum likelihood detector has been proposed in [15] to eliminate the extra noise for conventional ACO-OFDM. In Layer l ACO-OFDM, however, the periodicity of the signals should also be considered and the pairwise clipping is modified as
where n = mod (n, N/2 l−1 ) and I {A} is an indicator function with I {A} = 1 if the event A is true and I {A} = 0 otherwise. H (n ) is defined as H (n ) :
Pairwise clipping is firstly utilized in Layer L ACO-OFDM signals sincer (L) n can be obtained after all the other layers are removed. Afterwards, the pairwise clipped signal is used to demodulate the symbols in Layer L ACO-OFDM, which can achieve better performance compared with conventional method since half of the noise and inter-layer interference have been eliminated. Afterwards, the received time-domain signals in Layer L ACO-OFDM are reconstructed by (7) .
Since the time-domain signals in each layer have been reconstructed according to (7) , the received signals with only Layer l ACO-OFDM can be obtained by subtracting the signals in the other layers from the received signals as
so that different layers of ACO-OFDM signals are distinguished in the time domain and pairwise clipping can be applied to eliminate half of the noise and inter-layer interference.
The symbols on Layer l ACO-OFDM are detected again after pairwise clipping and FFT, where more accurate results are obtained, which could be used to update the signalsr (l) n and back substitute to (10) to update the signals in other layers. Therefore, the proposed receiver operates in an iterative way. In each iteration, the signals in each layer are sequentially detected, and the reconstructed time-domains signals are used to update the signals in other layers. The pseudocode of the proposed receiver is summarized in Algorithm 1, where iter denotes the number of iterations.
IV. NUMERICAL RESULTS
The bit error rate (BER) performance of the proposed receiver is evaluated by simulations in terms of bit energy to noise power ratio E b /N 0 . The number of IFFT used at the transmitter is 512. The subcarriers are modulated by 16QAM in all layers, and the power of each modulated subcarrier is the same in each layer. The number of iterations in the proposed receiver is set to 2 so that the complexity is relatively low. Figure 1 shows the BER performance of LACO-OFDM with 4 layers, where the BER in each layer of ACO-OFDM is calculated separately. It can be seen that the proposed receiver achieves much better performance compared with the conventional receiver in all the four layers. More specifically, the performance gains for Layer 1-4 ACO-OFDM are 1.45-1.7 dB at BER of 10 −3 , and they are increased to 2-2.15 dB at BER of 10 −4 since the estimation becomes more accurate when the BER is lower.
The performance of the proposed receiver is also validated by the average BER of LACO-OFDM with different layers, where BERs of all layers in LACO-OFDM are averaged and the simulation results are shown in Fig. 2 . The numbers of layers are set to 2, 3 and 4, and the corresponding spectral efficiencies are 1.5 bit/s/Hz, 1.75bit/s/Hz and 1.875 bit/s/Hz, respectively. It can be seen that for different kinds of LACO-OFDM, the proposed receiver always outperforms the conventional counterpart. LACO-OFDM with larger number of layers performs worse since higher spectral efficiency is achieved similar to [12] . At BER of 10 −3 , the performance gains are 2.2 dB, 2.15 dB, 1.5 dB for LACO-OFDM with 2, 3 and 4 layers, respectively. When the BER reduces to 10 −4 , the performance gains are further increased to 2.4 dB, 2.25 dB, 2.1 dB, respectively.
The performance of the proposed receiver is also evaluated in Fig. 3 under the existence of transmitter nonlinearity. A simple double-clipped nonlinearity model is considered as (26) in [13] , where the linear range is set to [0, 5] and the average power of each modulated symbol is normalized. It can be seen that the performance gains of the proposed receiver are still around 2 dB for all the three LACO-OFDM schemes.
Furthermore, the relationship between the BER performance and the number of iterations is investigated in Fig. 4 , where LACO-OFDM with 4 layers is considered without transmitter nonlinearity. When larger number of iterations is used in the proposed receiver, better performance can be achieved. However, when the number of iterations is larger than 2, the performance improvement is limited with the increase of iterations, while higher complexity and latency are required. Therefore, there should be a tradeoff between complexity and performance for various applications. V. CONCLUSIONS In this letter, an improved receiver is proposed for LACO-OFDM in OWC systems, which takes advantage of the structure of LACO-OFDM to further reduce the noise and inter-layer interference, resulting in the improved performance. The different layers of ACO-OFDM signals in LACO-OFDM are distinguished in the time domain and detected in an iterative way. Simulation results demonstrate that the proposed receiver for LACO-OFDM achieves significant gain over its conventional counterpart.
